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Isomorphous tetrazolate MnII and CoII compounds built on D-chain showing
different magnetic behaviors†
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As a continuation of the study on using the tetrazolate ligands to construct coordination polymers, two
isomorphous 3D coordination polymers built on D-chain topological rod-shaped SBUs have been
synthesized with formulae [M2(m3-OH)L1L2]n (5-amino-1H-tetrazole (HL1), 2,3-pyrazinedicarboxylic
acid (H2L2) and different 3d spin carriers (M = MnII, 1 and CoII, 2)). The SBU consists of corner-sharing
[M3(m3-OH)] isosceles triangle motifs with mixed multiple (m4-tetrazolyl, m3-OH, syn-syn carboxylate)
bridges. The SBUs were further linked by syn-anti carboxylates to form the sra net. Spin-competing was
observed in the MnII compound, whereas the CoII compound exhibits spin-canting.
Introduction
The investigation of molecular magnetic materials with unique
architectures exhibiting spontaneous magnetization has been the
focus of intense study for their intriguing magnetic phenomena
and potential applications.1,2 However, it is still a big challenge
to design and prepare such ferromagnets due to the infrequent
occurrence of ferromagnetic interactions compared to the anti-
ferromagnetic interactions. The weak ferromagnets, due to spin-
canting, are efficient for the construction of molecular magnets.3
Two factors are essential for spin-canting: one is antisymmetric
interaction, and the other is single ion anisotropy.1a,2a If related
spin carriers with high anisotropy were not aligned in an inversion
centre, which favours antisymmetric exchange, this would be
very beneficial for the occurrence of spin-canting.3 Due to the
coordination/linkage diversities and favourable magnetic transfer
ability, tetrazolate ligands have attracted much attention for the
construction of coordination polymers with novel structures and
interesting properties.4 The effectiveness of the tetrazolate ligands
to form a triangular [M3(m3-X)(N-N)3] (X = halogenide ions
or OH-) motif provides an opportunity to create new weak
ferromagnets,5 because if the motif is a scalene triangle with
asymmetric coordination mode, the competing interactions can
give rise to various types of magnetic order and spin-canting
behaviour may also be presented.6 As a result of our attempts, we
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herein report the synthesis and properties of two isomorphous 3D
coordination polymers, [M2(m3-OH)L1L2]n (5-amino-1H-tetrazole
(HL1), 2,3-pyrazinedicarboxylic acid (H2L2) and different 3d spin
carriers, M = MnII, 1 and CoII, 2). Interestingly, the two compounds
are built from the D-chain topological rod-shaped secondary
building units (SBUs). The SBU consists of corner-sharing [M3(m3-
OH)] isosceles triangle motifs with mixed multiple bridges. Due to
the inherent anisotropic nature of CoII compared to the isotropic




All the chemicals used for synthesis of the compounds were of
analytical grade and commercially available.
Caution: Azide and tetrazolate compounds are potentially
explosive. Only a small amount of material should be prepared
and handled with care.
Synthesis of [Mn2(l3-OH)L1L2]n (1)
A mixture of Mn(NO3)2 (50% aq. soln, 1 mmol), H2L2 (0.5 mmol),
dicyandiamide (0.25 mmol), NaOH (1 mmol), NaN3 (0.5 mmol),
H2O (7.5 mL) and ethanol (3 mL) were placed in a Teflon-lined
stainless container, then heated to 160 ◦C at 10.8 ◦C h-1 and kept
at that temperature for 3 d, finally cooled to 30 ◦C at 5.4 ◦C h-1.
Light yellow crystals of 1 were obtained in ca. 20% yield based on
Mn. Anal. Calcd for C7H5N7O5Mn2: C 22.30, H 1.34, N 26.00.
Found: C 22.14, H 1.66, N 26.35. The Mn oxidation state was
evaluated using bond valence sum (BVS) calculations, Mn1 and
Mn2 give BVS values of +2.017 and +2.07, respectively, which are
very close to the Mn valence of +2 in 1.7
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Synthesis of [Co2(l3-OH)L1L2]n (2)
Method A: A mixture of Co(NO3)2·6H2O (1 mmol), HL1 (0.5
mmol), H2L2 (0.5 mmol), NaOH (1 mmol), H2O (10 mL) were
placed in a Teflon-lined stainless container, then heated to 160 ◦C
at 10.8 ◦C h-1 and kept at that temperature for 3d, finally cooled to
30 ◦C at 5.4 ◦C h-1. Method B: Using the same procedure as that
described above for the synthesis of 1 but using Co(NO3)2·6H2O
in place of Mn(NO3)2. Dark red crystals of 2 were obtained in ca.
30% yield based on Co. Anal. Calcd for C7H5N7O5Co2: C 21.84,
H 1.31, N 25.47. Found: C 21.96, H 1.52, N 25.16.
Physical measurements
IR spectra were measured on a Tensor 27 OPUS (Bruker) FT-
IR spectrometer with KBr pellets. Elemental analyses (C, H and
N) were performed on a Perkin-Elemer 240 C analyzer. The
X-ray powder diffraction (XRPD) was recorded on a Rigaku
D/Max-2500 diffractometer at 40 kV, 100 mA for a Cu-target
tube and a graphite monochromator. Simulation of the XRPD
spectra was carried out by the single-crystal data and diffraction-
crystal module of the Mercury (Hg) program available free of
charge via the Internet at http://www.iucr.org. Magnetic data
were collected on a Quantum Design MPMS XL-7 SQUID
magnetometer using crushed samples (in powder form). The
experimental susceptibilities were corrected for the diamagnetism
of the constituent atoms by using Pascal’s tables.
X-Ray data collection and structure determinations
X-Ray single-crystal diffraction data for compounds 1 and 2
were collected on a Rigaku SCX-mini diffractometer at 293(2) K.
The program SAINT8 was used for integration of the diffraction
profiles. All the structures were solved by direct methods using
the SHELXS program of the SHELXTL package and refined
by full-matrix least-squares methods with SHELXL.9 Other non-
hydrogen atoms were located in successive difference Fourier
syntheses and refined with anisotropic thermal parameters on F2.
Crystallographic data and experimental details for the structural
analyses are summarized in Table 1. Selected bond lengths and
angles are listed in Table S1.†





Crystal system Orthorhombic Orthorhombic






Dc/Mg m-3 1.981 2.171
Z 4 4
T/K 293(2) 293(2)
R1 [I > 2s(I)] 0.0408 0.0493
wR2 (all data) 0.0840 0.1051
goodness-of-fit on F2 1.116 1.151
largest diff peak and hole/e Å-3 0.598 and -0.432 0.732 and -0.525
Results and discussion
Synthesis and crystal structure
Compounds 1 and 2 can be synthesized under solvothermal
reaction, during the solvothermal process HL1 was generated
in situ from dicyandiamide, which has been observed before.5d
Compound 2 can also be synthesized by mixing HL1 with
H2L2 under hydrothermal condition, whereas, several attempts
to synthesize 1 using HL1 directly were not successful.
Compounds 1–2 are isomorphous, crystallizing in the or-
thorhombic space group Pnma with slight differences in their
unit-cell dimensions and volumes, only the structure of 2 will be
discussed in detail. There are two independent sets of CoII ions at
special positions (Co1 is at a mirror plane, while Co2 occupies an
inversion centre). Corner-sharing [Co3(m3-OH)] isosceles triangles
were linked by a m4 bridging mode of ligands L1 to construct the
rod-shaped SBUs bearing the D-chain topology (Fig. 1a, 1b). It
should be noted, few examples bearing D-chain topology have
been reported so far.5d,10 Each isosceles triangle is formed by two
Fig. 1 (a) Coordination environments of the metal ions and ligands.
(b) Infinite rod-shaped SBU bearing D-chain topology used to assemble
2. (c) Polyhedron view of the 3D structure of 2. (d) Parallel chains of
corner -sharing triangles in 1 and 2 with syn-anti carboxylate bridges. Blue
triangles have m3-hydroxide-O at their centre (omitted). Symmetry codes:
A 1/2 - x, 2 - y, -1/2 + z; B 1/2 - x, 2 - y, 1/2 + z; C -1/2 + x, 3/2 - y,
1/2 - z; D 1/2 + x, 3/2 - y, 1/2 - z; E 1 - x, -1/2 + y, 1 - z; F 1 - x, 1/2
+ y, 1 - z; G 1 - x, 2 - y, 1 - z; I 1/2 + x, y, 1/2 - z; K x, 3/2 - y, z; L x,
5/2 - y, z.































































inversely related Co2 atoms (Co2 and Co2E) and one Co1 atom
with Co ◊ ◊ ◊ Co distances of 3.6154(8) and 3.2972(6) Å. The Co2–
O–Co1, and Co2–O–Co2E angles are 118.75(13) and 105.26(19)◦,
respectively. The unoccupied sites were filled by the complicated
coordination mode L2. Each L2 chelates one Co1 atom in a kN,O-
mode, and binds to one symmetry related Co1 atom in a syn-anti
mode via the other carboxylate O atom, meanwhile, another
carboxylate group adopts syn-syn mode bridging one pair of Co2
atoms. Thus, neighbouring rod-shaped SBUs are connected by L2
affording a 3D framework with sra topology (Fig. 1c,d).11
XRPD results
In order to confirm the phase purity of the bulk materials, X-
ray powder diffraction (XRPD) experiments were carried out for
compounds 1 and 2. The experimental and computer-simulated
patterns of 1 and 2 are shown in Fig. S1.† The excellent agreement
between the experimental XRPD pattern of the bulk samples and
the pattern simulated from the single-crystal model for both 1 and
2 confirm the phase purity of the bulk materials.
Magnetic studies
The magnetic susceptibility of 1 was measured in the 2–300 K
temperature range. The molar susceptibilities are calculated using
the MnII3 unit. As shown in Fig. 2a, the cMT value continues to
slowly decrease from 10.61 cm3 K mol-1 at 300 K to 0.58 cm3
K mol-1 at 2 K, implying antiferromagnetic behaviour. Fitting
the data at 60–300 K with the Curie–Weiss law gives C =
13.35 cm3 K mol-1, q = -78.27 K. The high negative q value
indicates antiferromagnetic coupling between spin centres. The
field-dependent reduced magnetization per MnII3 unit of 1 at 2
K increases linearly with a small slope at low field to 3.96 Nb at
50 kOe, far from saturation of common value of 15 Nb for three
MnII centres (Fig. 2b). The antiferromagnetic ordering was further
confirmed by the alternating current magnetic susceptibility with
a maximum value at 3 K for a real part (cM¢) and the negligibly
small value for the imaginary part (cM¢¢) (Fig. 2c). Considering
the structural features, the spin-competing is characteristic of
compound 1, due to the alignment of these antiferromagnetic
interactions in an isosceles triangle.
Compound 2 is isomorphous with 1, but shows distinct mag-
netic properties. The magnetic susceptibility of 2 was measured in
the 2–300 K temperature range and was shown as cMT vs. T plots
per CoII3 unit in Fig. 3. The cMT value at 300 K is 8.38 cm3 K
mol-1, being larger than the spin-only value of 5.64 cm3 K mol-1
for three uncoupled octahedral CoII ions (S = 3/2, g = 2) due to the
well documented orbital contribution. On cooling, cMT decreases
slowly to a minimum of 2.73 cm3 K mol-1 at ca. 14 K. Fitting
the data at 50–300 K with the Curie–Weiss law gives C = 9.83
cm3 K mol-1, q = -48.23 K. The negative value of q is consistent
with a combination of antiferromagnetic couplings between metal
centres and the quenched orbital contribution of the octahedral
CoII ions. Upon further decrease of the temperature, however, the
cMT rises rapidly to a maximum value of 28.31 cm3 K mol-1 at
ca. 6 K, and finally drops rapidly due to the zero-field splitting of
the CoII ions and saturation effect. This shape of the cMT vs. T
plots is typical of spin-canting or ferrimagnetic behavior.1a,12 The
possibility of magnetic transitions suggested by the abrupt increase
Fig. 2 (a) Temperature dependence of cMT products for 1 at a dc field
of 2000 Oe. The red line across cM-1 is the fit of the Curie–Weiss law. (b)
Field-dependent magnetization for 1 at 2 K. (c) Temperature dependence
of the real cM¢ and imaginary cM¢¢ components of the AC magnetic
susceptibility of 1 measured in an oscillating field of 3.5 Oe at different
frequencies.
of the cMT products at low temperature was corroborated by the
zero-field-cooled (ZFC) and field-cooled (FC) measurements at
50 Oe in the 2–10 K range (Fig. 3b). The divergence of FC/ZFC
curves occurs at around 6.5 K, indicating that 2 enters into long-
range ordering below this temperature. Furthermore, the plot of
the reduced magnetization vs. H per CoII3 unit (Fig. 3b) at 2 K
is not at all the typical plot for non-interacting CoII ions, which
did not follow a Brillouin function curve with the appropriate
g value. The initial increase of magnetization is relatively rapid































































Fig. 3 (a) Temperature dependence of cMT products of 2 at dc field
of 1000 Oe. The red line across cM-1 is the fit of the Curie–Weiss
law. (b) Field-cooled (FC) and zero-field-cooled (ZFC) curve of 2. (c)
Field-dependent magnetization and hysteresis loop (inset) for 2 at 2 K. (d)
Temperature dependence of the real cM¢ and imaginary cM¢¢ components
of the AC magnetic susceptibility of 2 measured in an oscillating field of 3
Oe at different frequencies.
and not linear with the field with steep slope at low field range
up to 400 Oe, and then it becomes almost linear with a smaller
slope up to 2.10 Nb at 50 kOe, which confirms spin-canting of 2.
Indeed, the hysteresis plot (Fig. 3c (insert)) reveals the existence
of a behaviour corresponding to a soft magnet, with remnant
magnetization (MR) of 0.78 Nb. The canting angle at 2 K can be
roughly estimated through the equation sin(g) = MR/MS1a to be
6.9◦ (MS = 6.45 Nb; for an octahedral CoII at 2 K, the effective
spin of S = 1/2 is used with a common value of g = 4.3). It
should be pointed out that weak-ferromagnets with big canting
angles are relatively rare.13 The steep rise in cMT below 6 K, small
remnant magnetization, unsaturated magnetization value, and the
presence of a hysteresis loop, reveal that 2 is a weak ferromagnet,
with a critical temperature of 6.5 K. Zero-field alternating-current
(AC) susceptibility measurements were performed in the range of
frequencies from 3 to 997 Hz at HAC = 3 Oe (Fig. 3d). Interestingly,
the cM¢¢ maximum varies slightly toward higher temperatures
(0.4 K in the frequency range 3–997 Hz) as the frequency becomes
higher. This frequency dependence is too small to be attributed to
superparamagnetic behaviour of the weak ferromagnet nor to a
movement of the domain walls. A tentative explanation may be a
spin glass-like behaviour, because 2 presents multiple exchange
couplings and may present some degree of frustration in the
complex magnetic domain, and a weak ferromagnet with slow
relaxation behaviour has already been observed before.14,15
Due to the different magnetic properties for 1 and 2, it is
necessary for us to inspect the origins that result in such differences.
Actually, the triangle building blocks of D-chains in 1 and 2 are
slightly deviated from equilateral, but are isosceles triangles. In
1, the triangle is more regular compared with that of 2, so the
competing interaction is so strong that antiferromagnetic ordering
occurs down to 3 K. As for 2, some very important features for the
CoII ion should not be neglected, that is, spin-orbital coupling and
single-ion anisotropy. In 2, spin-orbital coupling greatly destroys
the competing interaction in the system, and results in spin-
canting with the ordering temperature up to 6.5 K, which is
closely associated with single-ion anisotropy (one of the origins
of spin-canting) of CoII ions.2a Therefore, the difference in the
magnetic behaviour between the compounds is mainly ascribed to
the inherent anisotropic nature of CoII compared to the isotropic
nature of MnII.
Conclusions
In summary, the successful synthesis of two 3D coordination
polymers built from D-chain topological rod-shaped SBUs con-
firms the potential approach for the construction of a weak
ferromagnet from a triangular [M3(m3-OH)] motif driven by
the m4-tetrazolyl coordination mode of the tetrazolate ligands.
These two isomorphous compounds with different spin carriers
provide a good system for comparative magnetic studies and weak
ferromagnetism was observed for the CoII compound, whereas
spin-competing was observed for the MnII.
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